ABSTRACT Interaction of aquatic stages of coexisting mosquito species may have signiÞcant inßuence on resulting adult mosquito populations. We used two coexisting species, Anopheles gambiae s.s. and Culex quinquefasciatus to investigate whether third instars of one species consumed Þrst instars of the other. First instars of one species were readily consumed by a third instar of the other species irrespective food quantity. DNA of Cx. quinquefasciatus was detected in the eight An. gambiae s.s. third instars presumed to have consumed at least one Cx. quinquefasciatus Þrst instar. Likewise, DNA of An. gambiae s.s. was detected in Þve of eight Cx. quinquefasciatus third instars presumed to have consumed at least one An. gambiae s.s. Þrst instar. A small number of dead Þrst instars was found in the controls indicating that some larvae in the treatment group may have been consumed after they had died. These Þndings suggest that intraguild predation between the two species may be common in nature and that it is a facultative process that is not induced by food shortage. The Þndings further suggest that polymerase chain reaction could be a useful technique in the study of this phenomenon in natural habitats.
In Africa, Anopheles gambiae s.s. (Giles) and Culex quinquefasciatus (Say) coexist in the same locality and aquatic stages of both species are frequently encountered in the same larval habitats such as hoof prints, pools, ditches, seepage areas, and rice Þelds (Fillinger et al. 2004 , Muturi et al. 2007 . In most of these habitats, all four larval instars of both species occur together (Mwangangi et al. 2008) . Larval survival and development in these habitats is affected by biotic (such as predators, parasites, pathogens, food availability, and quality) and abiotic factors (such as temperature, rainfall, dissolved oxygen, turbidity) (Sunish and Reuben 2002 , Sunish et al. 2006 , Muturi et al. 2007 . While the effect of these factors on mosquito population dynamics has been widely investigated, little attention has been given to predation among coexisting mosquito species. In a study to investigate the occurrence of predation and cannibalism between An. gambiae s.s. and An. quadriannulatus (Theobald) under laboratory conditions, fourth instars of the two species were both cannibalistic and predacious (Koenraadt 2003) . Further studies using An. gambiae s.s. and An. arabiensis Patton revealed that cannibalism and predation occurred probably as a result of frequent interactions within small aquatic habitats as opposed to food shortage (Koenraadt et al. 2004 ). In both of these studies, the presence of a fourth instar prolonged development of surviving Þrst instars. Other mosquito species that are reportedly predacious include genus Toxorhynchites spp. which prey on a wide variety of mosquito species (Russo 1986) , Lutzia tigripes (De Grandpre and De Charmoy), which preferred Aedes aegypti (Linnaeus) larvae to those of Culex sp. or An. gambiae (Jackson 1953) , Lt. halifaxii (Theobald) which fed preferentially on An. farauti (Laveran) (Laird 1947) , and Lt. fuscanus (Wiedemann) which preyed on several species including An. stephensi (Liston) (Iyengar 1920) (Jin et al. 2006) .
Interspecies predation may reduce larval survival or cause behavioral modiÞcations (Holt and Lawton 1994 , Peacor and Werner 2000 , Peacor and Werner 2001 that may alter the Þtness of emerging adults and their ability to transmit diseases. Conventional study of this phenomenon in nature is cumbersome and involves dissection of Þeld-collected samples and examination of their gut contents under microscope. A reliable technique to identify mosquito species in the gut content is needed for evaluating the role of opportunistic predation by mosquito larvae. In the current study, we used polymerase chain reaction (PCR) technique to determine whether predation occurs between An. gambiae s.s. and Cx. quinquefasciatus. We also assessed whether food availability affected the frequency of this phenomenon under laboratory conditions.
Materials and Methods
Mosquitoes. Experiments were conducted with laboratory-adapted strains of An. gambiae s.s. and Cx. quinquefasciatus originally from Kenya, maintained at Medical Entomology Laboratory, University of Alabama at Birmingham. The mosquitoes were reared at a constant temperature of 28 Ϯ 1ЊC, 80% RH and 16 h photoperiod. Adults of An. gambiae s.s. and Cx. quinquefasciatus, respectively, were blood-fed once per week by exposing them to a restrained rabbit and quail. A 10% sucrose solution and apple slices were provided as maintenance diet. Larvae were reared in 2.5 liters trays containing de-ionized water and fed Tetramin Þsh food.
Experimental Design. To test the occurrence of predation between An. gambiae s.s. and Cx. quinquefasciatus and the inßuence of food on the frequency of predation, the following species combinations were tested in 12-well plastic plates normally used for tissue culture: (1) 10 An. gambiae s.s. Þrst-instar (L1) larvae, (2) 10 Cx. quinquefasciatus L1 larvae, (3) 10 An. gambiae s.s. L1 and one Cx. quinquefasciatus third-instar (L3) larvae, and (4) 10 Cx. quinquefasciatus L1 and one An. gambiae s.s. L3. Each combination was tested in four replicates at 0, 0.1, and 0.2 mg of Tetramin Þsh food in 5 ml of de-ionized water. Counts of surviving L1 were taken at 24, 36, and 48 h. If fewer than 10 L1 were found in the well, the L3 was removed from the well, rinsed in 70% ethanol and then preserved in 100% ethanol.
Third instars from the wells in which at least one Þrst-instar had disappeared, were subjected individually to a species diagnostic DNA-assay. An. gambiae DNA was detected using the rDNA-PCR method described by Scott et al. (1993) and Cx. quinquefasciatus DNA was detected by the method of Smith and Fonseca (2004) . DNA was extracted using the Qiagen DNeasy Kit. Each mosquito was homogenized with the aid of a microtube pestle (USA ScientiÞc, EnÞeld, CT) in a 1.5 ml tube containing 180 l phosphate buffered saline (PBS) buffer (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 , 1.47 mM KH 2 PO 4 ) and subjected to DNA extraction according to manufacturerÕs recommended protocol. Isolated DNA from each mosquito was reconstituted in 100 l AE buffer (Qiagen, 10 mM Tris-Cl, 0.5 mM EDTA, pH 9.0) and stored at Ϫ20ЊC for analysis by PCR.
Diagnostic PCR assays were performed using 4.5 l of dH 2 O, 12.5 l of two ϫ ABI master mix, 0.5 l each of 10 M forward and reverse primer, and 5.0 l of template DNA. PCR conditions were denaturation at 94ЊC for 5 min followed by 37 cycles at 94ЊC for 30 s, 55ЊC for 30 s, 72ЊC for 1 min, and a Þnal extension step at 72ЊC for 5 min. Product was held at 4ЊC afterwards until ready to use. Gel electrophoresis was performed for 40 min and ethidium bromide was used for staining. It was expected that if an L3 had consumed an L1, both diagnostic DNA bands would be detected instead of only the known L3. DNA from An. gambiae s.s. and Cx. quinquefasciatus samples obtained from the colony served as the positive controls. Two sets of positive controls were used; each species separately (Fig. 1 , lanes 20 Ð26), and both species combined (Fig. 1, lane  3) . Nuclease-free water was used as the negative control (blank).
Results and Discussion
Comparison of control (Þrst instars of each species without third instars of the other species) and treatment groups (Þrst instars of one species ϩ third instars of the other species) indicated that third instars of both species are predacious on Þrst instars of the other species although a few larvae may have been eaten after they had died (Table 1) . Consumption of Þrst instars of one species by third instars of the other species occurred irrespective of food quantity (Table  1) . After 48 h, eight cases where a third instar was suspected to have consumed Þrst instars of the other species were recorded for each species. DNA of An. gambiae s.s. was detected in Þve of eight Cx. quinquefasciatus third instars that were suspected to have consumed at least one Þrst instar larva of An. gambiae s.s. Likewise, DNA of Cx. quinquefasciatus was detected in all eight An. gambiae s.s. third instars that were suspected to have consumed at least one Cx. quinquefasciatus larva (Fig. 1) .
This study illustrates the occurrence of intraguild predation between An. gambiae s.s. and Cx. quinquefasciatus. However, we did not conduct behavioral studies to determine whether the Þrst instars were eaten alive or after being killed by third instars. Some dead larvae were observed in the controls suggesting that some larvae in treatment group may have been eaten after they had died. These observations suggest that dead mosquito larvae provide a source of animal-based detritus to the surviving larvae. Previous studies have shown that mosquito larvae perform better on animal detritus than on plant detritus (Kesajaravu et al. 2007) . PCR assays conÞrmed the presence of DNA of Þrst instars of one species in third instars of the other species although this could not be demonstrated in some Cx. quinquifasciatus larvae. In addition, L3 of An. gambiae showed faint bands for Cx. quinquefasciatus Þrst instars. The target DNA sequence for An. gambiae identiÞcation was 390 bp in length (Scott et al. 1993) and could have been degraded by the ÔpredatorÕ, rendering it undetectable by PCR. Similarly, DNA of Cx. quinquefasciatus Þrst instars in the gut of An. gambiae L3 may have been degraded reducing its quality. The anterior midgut of a mosquito is highly alkaline with a pH in the range of 9 Ð11 depending on species (Clements 1992 , Corena et al. 2004 ). This can cause rapid degeneration of prey DNA. In some insects such as dragonßy (Libellulidae) nymphs, An. gambiae DNA is degraded 1 h after consumption (Morales et al. 2003) . Further studies are under way to determine the duration in which DNA of the two mosquito species remains detectable after consumption.
The quantity of food available did not inßuence the occurrence of predation in either of the two mosquito species. Although our conclusion is limited by the small sample size, our results are in agreement with those reported for An. gambiae s.s. and An. quadriannulatus (Koenraadt 2003) indicating that predation is a facultative process. These results suggest that predation may be an important regulatory mechanism used by older larvae to reduce interspecies competition for scarce resources. In some terrestrial predators such as aphidophagous coccinellids, intra-guild predation occurs only during periods of aphid scarcity (Majerus 1994) . The extent of predacious behavior of An. gambiae s.s. and Cx. quinquefasciatus in natural habitats is not well known but could be at lower frequency than observed in this study. This is because we used small experimental containers and thus Þrst instars had little chance to escape predation. However, in most larval habitats, mosquito larvae tend to be clustered and this provides an opportunity for predation (Service 1971) .
In summary, our results indicate that predation may be common between aquatic stages of An. gambiae s.s. and Cx. quinquefasciatus and that PCR is a useful tool in documenting this behavior. Field studies using a large sample size should be conducted to assess the inßuence of intraguid predation on adult mosquito populations and the occurrence of Anopheles and Culex-borne disease transmission. Minus sign (Ϫ) indicate that no L3 was added in that treatment.
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